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Output vol~age sensitivity equations are derived for a zener 
voltage-reference circuit. The circuit consists of a DC-DC converter, 
a voltage-resistor current generator, and a zener diode. The 
performance of the voltage-reference is calculated using the sensitivity 
equations and compared to measurement data taken from a laboratory 
model of the circuit. The results are in reasonable agreement. 
It was concluded that with careful selection of components, two 
of three major sources of error can be predicted and contro~ed; these 
are changes due to input voltage and changes due to temperature. The 
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I. INTRODUCTION 
Many electronic devices such as voltmeters, bridges, and signal 
conditioners depend upon a voltage-reference for accuracy. The refer-
ence should be independent of temperature changes and time. other 
desirable features of a voltage-reference include short-circuit protec-
tion, low noise output, small size, light weight, high efficiency and 
low cost. 
The limitations of standard cells for use as a voltage-reference 
are well documented IJ,BJ*. They are sensi.tive to rough handling, 
shock, and vibration; their temperature range is limited to 4 to 40°C; 
they are subject to hysteresis effects caused by abrupt temperature 
changes; and they are sensitive to load condi tiona. A l.oad current of 
only one microamp can drop the cell EMF by 500 microvolts. 
The merits of the zener reference circuit are also well documented 
[1,3] • Briefly, they offer small size, reliability and ruggedness. 
They are not without their disadvantages for they require an external 
power source and have unexplained time drifts. 
It is not the purpose of this paper to offer a replacement for the 
standard cell as a voltage standard but to show some or the more impor-
tant conSiderations in the design of a zener reference circuit. These 
considerations are shown by analysis and measurement of a typical 
circuit's performance. 
The circuit was used in an aircraft application. The specifications 
for the design are given in Table I. 
*Numbers in brackets refer to references--section VIII. 
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TABLE I 
REFERENCE SPEC IF'ICATIONS 
0 Input Voltage 28 ~ ~0% VDC 
0 Power Consumption (Max.) 5 Watts 
0 Size (Max.) 15 Cu. In. 
0 Weight (Max. ) 0.5 Ih. 
0 Temperature Range (Ambient) -40 to + 80 oc 
0 Isolation 100 VDC 
0 Noise (Peak-to-Peak) 500 Microvolts 
0 Calibration Cycle ~68 Hours 
0 Accuracy + 0.01. % 
-
0 Load (Minimum) 106 Cbms 
0 Output Vo~tage 8.5 to 12.5 VDC 
0 Warm-Up Time ~0 Minutes 
0 over load Rae overy Time 10 Seconds 
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II. C IRCUrr DESCRIPTION 
Figure l shows a block diagram of the zener reference circuit. 
Each block is described below as to composition and function. 
(A) Isolate~: The isolator is a DC-DC converter whose unit specifica-
tions are stated in Table II. 
TABLE II 

















J6o mA (Max. ) 
20 VDC 
150 mA (Max. ) 
480 mV p-p (Max.) 
0.037 (Volt/Vo~t) 
5.34 (Volt/Amp) 
.! 100 PPt.f/°C 
~ l%/1000 Hours 
200VDC 
The function of the unit is to provide DC isolation between the 
input and output circuits. This allows the reversal of the reference 
output voltage .for those applications requiring a negative reference 
voltage. Figure 5 shows the primary circuit block diagram. Voltage 
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FIGURE 2. VOLTAGE-RESISTOR CURRENT GENERATOR 
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(B) Preregulator: Referring again to Figure 1, the center block is a 






Output Current (Rated) 








Beckman (Helipot Division) 
828 
20 VDC 
1000 mA (Max.) 
15 :!J.5% 
180:1 
o. 0015 (Max.) 
O.Ol%V1 
~ 100 PPM/°C (Max. ) 
:!_(). 5%/lOOO hrs. 
0.005% 
The function of the preregulator is to provide a stable input 
voltage for the zener regulator circuit. 
(C) Zener Regulator: The heart of the zener voltage-reference is 
shown in the Jrd block of Figure 1. The zener regulator is composed 
of resistor R1 and zener diode CR1 • The resistor characteristics are 






RESISTOR R1 CHARACTERISTICS 
Vi shay 
Sl02 Metal Film 
799 Ohms 
0.3 Watts (l25°C) 
Temperature Coerficient ~2 PPM/OC 
Stability ~5 PPM/1000 Hrs. 
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The preregulator and R1 form a voltage-resistor current generator 
as depicted in Figure 2. The value of R1 is selected to provide the 
exact bias current required by CR1• 
C~ is a temperature compensated zener diode. Its characteristics 
are stated in Table v. 
Type 
TABLE V 




Zener Impedance (R2 Figure h) 
Bias Current (I2) 
Stability 
Noise 
9 _:5% VDC 
+2 PPM/OC (Max.) 




The function of CR1 is to provide additional regulation of the 
input voltage and form the basis of the reference output. 
(D) Load Resistor R3: The output load is simulated with a fixed 
resistor of the same type as R1 (Table IV above). A value of 106 
ohms was selected for R3 since this va~ue represents a load typical 
to that in the aircrart application mentioned in the introduction. 
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III. CIRCUIT A~'U.LYSIS AND PBRFORMANCE PREDICTION 
The circuit performance prediction is based on the calcula-
tion of the output sensitivity to changes in input voltage, 
temperature, and time. 
Before proceeding to the sensitivity equations, the equivalent 
circuit for CR1 , the zener diode in Figure 1, must be justified. 
for the linear region of the v3 - r2 characteris~ic in Figure 3 
where V2 is a constant determined by the zener diode. 
Let 




design current [ 4 J . The design current is specified by the manufacturer 
ror minimum temperature coefficient. 
A summary list of sensitivity equations is given bela~ (equations 




_j ______ _ 
FIGURE 3. ZENER EQUIVALENT JUSTIFICATION 
CR1 IS EQUIVALENT 
TO R2 AND v2 






A1 Az AJ 6V5 
-- = 










= ± [(K1 V 1 A3 + K4 V 4 A2 A3 ) ~T A+ K2 R1 ( av3 ) ~:: + K3 Mz] 
--
VJ v 3 aR 1 
(5) 
~VJ 
I ( v2 
R2 + R3 ) ~R1 
--




( v 1 R1+R3 ) ~2 
--
= v 1 Rz + v 2 R1 - R1 Rz + R2 R3 + R1 R3 VJ Rz 
(7) 
~VJ 
II, = ( v2 ~~ RJ ~, --VJ (8) 
Figure 4 depicts the equivalent circuit for the heart of the 
reference circuit. 
The sensitivities of the output voltage, v3, to the various 




is read due to vl. 
is the partial derivative of v3 with respect to vl. 
(9) 
For deriva-
tions of the sensitivity equations, please refer to Appendix A. 
ll. 
In equations (3) through (8) the following derinitions apply: 
• the ratio of the change in v3 to v3 due to a change in V5. v5 
the ratio or the incremental change in v4 to the 
incremental chanP:e in v5• 
=----
AVJ := av 3 AV 1 ;; A3 AV1 







= the temperature coefficient of the preregulator. (14) 
V1 ATA 
AR 1 K2 = the temperature coefficient of resistor R1 • (15) Rl ~TA 
AV3 
K - = the temperature coefficient of the reference diode. (16) 
J - v3 AT z 
.6-V 4 
K4 = the temperature coefficient of the isolator. (17) V4.6.TA 
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~TA • the incremental change in ambient temperature. 
~ T z = the incrementa~ change in the reference diode temperature. 
Analysis of the sensitivity equations shows some of the values to 
control for a stable output vo~tage. The change in V 3 will be small for: 
(~) Small A1,A2,A3, and ~V5 (by equation (3)). 
(2) Large ratio of R1 to ~ (by equation (4)). 
(3) Small K1,K2,K3,K4, ~TA,ATz or a selection of polarity and 
magnitude on the K's to provide compensation of one element against 
the other (by equation (5)). Temperature coefficient selection is 
a time consuming job, but where low drift with temperature is 
important the price may ver,y well be worth it. 
(4) Small AR1 (by equation (6)). 
( 5) Small ARz (by equation ( 7) ) • 
(6) Small Al2 (by equation (8)). 
The time stability will depend on the time stability of the zener 
diode and those or the preregulator and the isolator working through 
their respective sensitivities. 
Zener noise, drift with time, and warm-up time are not calculable. 
Some manufacturers specify drift with time; stabilities of ! 10 PPM/1000 
hours are guaranteed. The va.lues in Table VI tor time st,abili ty am 
noise are estimated (where component data are not available). The 
estimates are based on labora·tory measurements of six lN940B diodes 
and results of other investigators [1,2,3,6,7]. 
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Table VI below shows the results of calculations of the performance 
predictions. The ca1culations are made using the sensitivity equations 
and the component specifications listed in section II; for details 
refer to appendix D. 
TABLE VI 
REFERENCE PERFORMANCE PREDICTIONS 
PREDICTED 




Input Voltage +o.l5 PPM/Vol.t (3) 
Temperature ~.084 PPM/0 0 (5) 
Time ~228.9 PPM/1000 hrs 
Noise (Peak-to-Peak) 55.1 PPM 
IV. MEASUREMENT TECHNIQUES AND RESULTS 
A laboratory model o~ the reference circuit was constructed and 
measurements were made to check the va1ues predicted in section III. 
~VJ 
(A) V3 VERSUS Iil]ptJT VOLTAGE MEASUREMENT: 











-- = --- = 2.1989 X 10-6 
v3 9.095150 



















FIGURE 5. PRIMARY CIRCUIT BLOCK DIAGRAM 
ZENER 
REFERENCE 
:!0.005% VOLTAGE SOURCE 





FIGURE 6. OUTPUT VOLTAGE MEASUREMENT SYSTEM 
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AV3 
(B l V3 VIffiSUS TENPERATURE r1EASUREMENT: 
The same arrangement as shown in Figure 6 was used where V5 was 
held at 26 +0.010 VDC. The zener reference circuit, less R3, was 
placed in a thermostatically controlled oven. Results are given in 
Table Tliii. 
TABLE VIII 
T~i-iPERATURE TEST DATA 
TA V3 vl v4 
(oc) (VDC) (VDC) (VDC) 
27.8 9.096320 ~5.0472 20.0594 
-51.7 9.094660 14.9607 19.9041 
-30 9.094510 14.9651 19.8623 
- 3.9 9.095310 15.0031 19.9626 
15'.6 9.096000 15.0336 20.021.3 
65.6 9.097310 ~5.0956 20.1430 
70 9.09B4eo 15.1425 20.2469 
The measurements indicate a l:Ow output temperature coefficient 
between -51.7 and -J0°C (-0.76 PPM/°C); between -30 and 6S.6°C the 





(C) V 3 VERSUS TIME MEASUREMENT: 
The voltages v4, V11 and v3 were measured using the comparison 
technique shown in Figure 6. The results are given in Tabl.e IX. 
TABlE IX 
STABILITY DATA (FIGURE l CIRCUIT) 
Date V3 vl v4 
2/13/71 9.095210 15.0441 20.0566 
2/20/71 9.095310 1.5.0430 20.0135 
2/27/71 9.095330 
3/6/71 9.096320 15.0472 20.0594 
3/12/71 9.096370 1.5.0494 20.0789 
3/18/71 9.096310 15.0474 20.0764 
5/21/71 9.095930 1.5.0482 20.0791 
7/9/71 9.096l.6o 15.0186 19.9423 
9.096370- 9.095210 
Then = = +128 PPM 
v3 9.095210 
for the first 648 hours (2/13/71 to 3/12/71) of operation. 
Assuming linear drift this corresponds to 198 PPM/1000 hours. 
The data from 3/12/71 to 5/21/?l. show a somewhat lower drift 
with time: V 
A 3 9.095930- 9.096370 
=- 48.4 PPM 
VJ 9.096370 
For the period from 5/21/71 to 7/9/71 the drift is: 
~V3 9.096160- 9.095930 






(D) REFERENCE CffiCUIT NOISE MEASUREHENI'S: 
The output noise of the reference circuit was measured using 
a Tektronix Model 502A oscilloscope. The peak-to-peak value, as 
estimated from the oscilloscope reading, was 500 microvolts (55.5 PPM). 
The waveform of the noise is shown in Figure 12. 
Figure ll shows the zener noise as a function of bias current. The 
isolator noise output was O.Ol volts peak-to-peak by the above method. 
(E) SHORT CIRCUIT MEASUREMEN.l'S: 
The output voltage measurement system of Figure 6 was used in the 
short circuit test. The voltage source (Fluke Model 332A) and voltmeter 
circuit was removed and a short was applied to the reference output. 
OUTPUT SHORT CIRCHIT TEST DATA: 
V3 prior to short circuit = 9.095810 VDC. 
V3 after a 5 second short circuit • 9.095860 VDC. 
V3 recovers to 9.095830 VDC within lO seconds. 
The power rating of R1 must be selected to withstand the output 
short circuit condition. This value is 0.28 watts (15 volts across 800 
ohms). 
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(F) RESISTOR R1 TEI-PE?.ATURE HEASURE!·ENT: 
The data of Table X were obtained. 
TABlE X 





Since and ~R 1 = -0.060 
then -0.060 = -1.04 X 10-6 = -1.04 (24) 
799.025 X 72.8 
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V. COMPARISON OF PREDICTED AND MEASURED PERFORMA..~CE 
Table XI shows the comparison of predicted values as calculated 
in section III with measured values as acquired by the methods of 
section rv. 
TABLE XI 
COMPARISON OF PREDICTED AND MEASURED PERFORMANCE 
ME'ASURED PREDICTED 
PARAMETER VALUE VALUE UNITS 
.av3 Vs 
--
VJ INPUT VOLTAGE +0 • .366 +0.150 PPM/VOLT 
TEMPERATURE -0.76 to :ft.084 PPM/°C 
+5.7 
TIME +~98 ,!228.9 PPM/1000 hrs • 
NOISE (PEAK-TO..PEAK) 55.5 55.~ PPM 
The differences between predicted and measured values are 
discussed in the following section. 
VI. DISCUSS I ON 
(A) GENEH.A.L: 
The following is a discussion to clarify the discrepancies be-
tween the predicted and the measured values shown in Table XI. 
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As indicated in section III, the change in output due to change in 
supply voltage should be 0.1..50 PPM/Vo~t. The measured value was 0.366. 
The isolator line regulation, A1 , was 37 times lower than specified by 
the manufacturer and the preregulator line regulation was 110 times 
higher, and the zener circuit was 1.2,75 times lower than the value used 
in the performance prediction. These three factors account for the 
difference between the measured value, 0.366, and the calculated value, 
0.150. 
The output change for a change in temperature is predicted based 
on the assumption that the circuit elements have constant temperature 
coefficients. Plots of the data of Table VIII reveal nonlinear temper-
ature coefficients (see Figure 7 below). The range of output temper-
ature coefficients is indicated on the curve or v3 versus temperature. 
The plots of the temperature data for the isolator voltage and 
preregulator voltage are similar in shape to that of the reference out-
put suggesting that all or part of the output change with temperature 
may be due to the change in v1 and v4• (The performance prediction, 
calculated in Appendix D, indicates that the major contributors to the 
temperature error will be the preregulator and the zener diode.) The 
measurement data for the laborator.y model from Table D-1 inserted into 
the performance prediction equations indicate a value of +2.314 PPM/°C 
for the overall temperature c~efficient; this compares favorably with 
the measured value of 3.11 PPM/°C between -30 and +65°C. 
The preregulator output variation with temperature is a function 
of its temperature coefficient and the change in the isolator voltage 
with temperature. The apparent temperature coefficient of the pre-
regulator is +60 PPM/°C as derived from the measurement data (Table 
VIII). The preregulator temperature coefficient is also a nonlinear 
function. The value of +60 PPM/°C is approximately true for the 
temperature range of -30 °C to +65 °C. 
The zener diode temperature coefficient was determined prior to 
its insertion into the circuit of Figure 1. Six diodes were tested 
for temperature coefficient. The data summary is shown in Table XII. 
TABLE XII 
TEMPERATURE DATA SUMMARY FOR 6 lN940B DIODES 
DIODE TEMPERATURE NOISE (J.LV) 
COEFFICIENT 
# %/oc PPM/°C J0.6°C 84.4°C 
1 -().0015 -15 400 360 
2 -f-0.0025 +25 1290 1475 
3 -o.00022 -2.2 565 650 
4 -o.OOll -ll 480 460 
5 -0.00005 -0.5 445 520 
6 -0.00085 -8.5 890 780 
The data, .from which the above summary was obtained,appear in Appendix C. 
Zener #5 was selected for use in the laborator.y model. Its high-
temperature characteristic is plotted in Figure 7 {a). 
The time stability predicted by the calculations in Appendix D is 














19.80 ...._ _ ___.. _______ ....._ __ _._ __ ......_ _ ....._ _ ___, 
-60 -40 -20 0 20 
TEMP.(°C) 
40 60 80 
*SLOPE IN PPM/°C 
FIGURE 7. TEMPERATURE TEST DATA PLOTS 
23 
order of magnitude, +198 PPM/1000 hours. It is interesting to examine 
the stability data in detail. Plotting the data and drawing a best 
straight line through the data points (Figure 8), shows that the lines 
all have a positive slope (suggesting that the change in output, fj V 3, 
may be a result o.f the change in V 1 ). To show that the change in the 
output is due primarily to the zener, the following caJ.cuJ..ation is 
made: 
For the JO day period (2/13/71 to 4/15/71): 
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~VJ A3 ~V1 
-=--- (25) 
VJ V3 
(0.019) (O.OOti3) = 13.2 X 10-6 = 13.2 PPM/30 DAYS 
9.09 
(26) 
where the value o.f t:,. V 1 is read .from the best straight line in Figure 8 
(b) .for a 30 day interval. 
The measured output change is: 
0.001270 6 
----= +140 X 10- = 140 PPM/30 DAYS 
9.09 
where A V 3 is taken .from the best straight line in Figure 8 (a). 
Therefore, 126.8 PPM/30 days is attributed to the zener diode and/or 
the resistor R1 • T.his is much more than the value predicted for the 
zener alone, ±25 PPM/1000 hours. (126.8 PPM/30 days is 194 PPM/1000 
hours}. 
(27) 
Prior to fabrication, six l.N940B di.odes were subjected to stability 
measurements. '!he results ot these measurements are at odds wi.th the 
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Figure 9 was used to acquire the tillle stability data. The diode voltage 
readings and time histories are included in Appendix B. A data S1..1JIIIlB.rY 
£ollows in Table XIII. 
TABlE XIII 
STABILITY DATA SUMMARY FOR 6 1N940B DIODES 
ZENER# FINAL SLOPE 
JJ. V /1000 hrs. PPM/1000 hrs 
1 -150 -17 
2 -250 -28 
3 -+2.50 +28 
4 -1.750 -195 
5 0 0 
6 -350 -39 
Final slope refers to the expected rate of change in zener vol.t.age 
with time .following a 10 day aging period. 
The tests indicate higher drift, rates in the early phase of' the 
aging period. (See di.odes 1., 2., 4., and 6 Appendix B). '!'he overall drift 
pattern follows that of other investigators of compensated zener rererence 
diode stability rl]. That is, sane diOdes drift up in voltage, others 
drift down. Some drii't llnear~v f'rOJn turn-on, others dritt rapidly at 
first then taper off. The dr:i.ft of 115 llraS not measurable. 
For a sta.bl.e voltage-reference, it is advisable to pre-age all 
di.odes, :i.e., operate at rated current for no less than 20 cla7s. 
Zener #5 was selected for use in the laboratory model since its 
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unlikely that the resistor, R1, aged enough to cause the output change 
recorded in Table IX, it is as~ed that the drift characteristic o~ 
the zener diode changed as a result o~ its insertion into the final 
circuit. 
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The circuit noise measurement agrees fair~ well with the predicted 
value since the predicted value was based on measurement of the zener 
noise (the largest contributor). The fact that the total circuit noise 
exceeds the zener noise by on~ 0.5 PPM suggests that the contributions 
due to the preregulator and isolator are smaller than that predicted. 
Subsequent measurements of isolator output noise confirm this. Noise 
measurements were made using a true rms voltmeter and medium-bandwi.dth 
oscilloscope (DC to 500 KHZ). The measurement circuit is depicted i.n 
Figure 10. The measurements were carried out inside a screen roam, but 
this precaution was not necessary in view of the amount of noise generated 
by the di.ode as compared to that induced by external sources. 'nle true 
rms value was 280 microvolts while the peak-to-peak value, as estimated 
from the oscilloscope reading, ~as 500 microvolts for diode #5. 
The noise data are recorded in Appendix C and is summarized in 
Table XII. 
(B) IMPROVEMENTS: 
The most obvious improvement, based on predicted performance, should 
be found in the area of time stability. When applying the voltage-
reference, one would rather not have to reset circuit values to maintain 
the bias current in the zener ~~ode (for low zener temperature coeffi-
cient) or reset the output voltage. This means that a stable pre regulator 
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a function of a zener diode reference within the preregulator. There-
fore, it is not unreasonable to expect that the preregulatl)r stability 
could be as good as 25 parts per million per 1000 hours. (This value 
should be compared with the value of 5000 parts per million per 1000 
hours specified for the unit used in the laboratory teats). 
The laboratory model tests show a stability of 2200 PPM/1000 hrs. 
for one such preregulator. The drift in v1 due to V4 has been subtract-
ed. 
The second area of improvement would be reduction of the output 
noise. As can be seen from the oscilloscope trace, Figure 12, the peak-
to-peak output noise exceeds 400 microvolts. In general, some porti~n 
of the 9 volt output would be ~lsed in a reference application. To 
reduce noise, one would use the circuit of Figure 13. The resistance 
values of R3a,R3b,and R)c equa:L the value of R3 in Figure 1. 
Using the condition 
the output voltage is RJ 
c 
Vo = VJ 106 
(28) 
(29) 
c1 is a low-leakage capacitor that forms a low-pass filter with R38,R3b, 
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FIGURE 13. FILTERED OUTPUT CIRCUIT 
Rx 11.7 voc 
15.009 rna 7.509ma 
1 
7.5ma ! 20 VDC IN9468 v 
1 
FIGURE 14. ALTERNATE PREREGULATOR CIRCUIT 
The added resistors and capacitor will cause additiona~ time and 
temperature errors in the output as we 11 as ma.ke the circuit more load 
sensitive but noise can be reduced significantlY. 
33 
The third area of improvement is reduction of the output temperature 
coefficient. Two methods will be described. 
Method (l): Choose a preregulator with a low temperature coef'.f'icient. 
Che such preregu.lator is shown in Figure 14. 
The series resistance is 
R = (20-11.7) 103 = 550 ohms 
X 15.009 
R1 (Figure l) must be reduced to 360 ohms; this in turn increases the 
output sensitivity to changes in v1 • 
'Ihe preregulator line regulation~ A2 , is 0.048. 'Ibis is 32 times 
larger than the specified value of the preregulator described in Table 
III and must be considered in the overall design. 
(32) 
The temperature coefficient or the preregu.lator shown in Figure 14 
is ±2 PPM/°C which is considerably better than the ±100 PPM/°C value 
stated in Table III. 
As was stated earlier, the time stability of this preregulator is 
e.xpected to be much better than the preregulator described in Table III. 
'lhe noise is also e.xpected to be much greater than that specified in 
Table III. 
~~thod (2): Isolate the temperature sensitive elements from the 
temperature change. The method used to isolate standard cells f'ram 
temperature changes is to surround them by some sort o:f controlled 
environment [ 8]. The same sort of thing can be done for reduction of 
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the zener contribution to the reference output variation with temperature. 
There are small self-regulating component ovens available (e.g., K.LIXON 
manuf'actured by Texas Instruments, Inc. ) • 'lbese ovens will reduce the 
temperature variation about the diode by a f'actor of 1/15 or more. The 
ovens require an external power source for operation. They are non-voltage 
sensitive, unaffected by component current, radio noise-free, and free 
from moving parts. 
other areas of improvement involve taking advantage of the informa-
tion contained in the sensitivity equations. It can be seen that it is 




Then R1 is increased 
design bias current. 
as V1 is increased to keep I2 constant at the 
A plot of 
6V3 Vl VS V1 shOWS that approaches the 
v3 v1 
value in equation (33) asymptotically. There is little advantage in 
going beyond 30 volts for V1 using the voltages of the circuit in 
Figure 1. 
(C) AREAS FCR FUTURE STUDY: 
One of the recommendations of this paper is that diodes be selected 
with low time and temperature drifts. Some quick and easy way is required 
to select the diodes. It was Teported (6] that correlation exists between 
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zener noise output and long term stability. In another investigation 
[7] no such correlation was tound for the temperature compensated 
diodes o£ the type used in this paper. The randomness of the time 
stability curves casts a doubt as to the possibility of finding a 
quick selection method. Manufacturing process cleanliness may be a 
factor in producing stable diodes [7] • 
A second area for future study is the determination ot zener diode 
aging characteristics with intermittent power application. Eicke [7J 
suggests that diodes kept under power will exhibit a more stable output 
than those subjected to intermittent power. 
A third area of study involves temperature cycling. The questions 
to be answered are: 1) Does stability improve by maintaining the di-
odes at constant temperature? 2) Does stability improve by choosing 
a high temperature (+85°C) or a low temperature (-55°C)? 3) With re-
gard to aging, should the diodes be aged under power? 4) Does high 
temperature accelerate the aging? 
A fourth area is the determination of noise characteristics. The 
questions here are: l) What causes the noise generated by zener diodes? 
2) What effect does externally generated noise have on temperature and 
stability characteristics? Not enough work has been reported on the 
characterization of zener diode noise. 
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VII. CONCLUSION 
Some of the more important factors in the design of a zener refer-
ence circuit have come to light as a result of analyisis and measure-
ment of a particular circuit. With judicious choice or circuit compo-
nents, a very stab~e voltage-reference may be obtained using a zener 
diode as the reference e~ementtf 
Two of the three major sources of error (deviation from a constant 
voltage traceable to the national standard) are predictable and control-
lable; these are changes due to input voltage, where a voltage-resis-
tance current source is used, and changes due to temperature. The 
third, changes due to time (component value dri.f't) may be calibrated 
out by periodic checks against voltage standards. 
Peak-to-peak noise genenLted by the zener diode can run upwards of 
1000 microvolts. The noise can be filtered out depending on the refer-
ence app~ication. 
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X. REVIEW OF LITERATURE 
The design of zener diode reference circuits is covered in many 
books and articles. The topics and procedures in this paper are not 
shown explicitly in any of the references, section VIII, or any of 
the items or the bibliography, section IX. 
Several 1 tems listed in sections VIII and IX are described below 
to show some of the approaches and results. 
"A Theory of the Electrical Breakdown of Solid Dielectrics," a 
paper by Clarence Zener, develope the theory that direct excitation 
of electrons by an electric field causes the electrical breakdown ot 
solid dielectrics. The magnitude and the suddeness with which the 
breakdown occurs are predictet.i and then verified by measurements. 
"Analysis of Voltage-Regulator Operation," by W.R. Hill, shows 
that the performance of any ~gulator circuit can be analyzed in tenns 
of two parameters defined as the internal resistance and the regulation 
factor. Typical regulator circuits are analyzed to evaluate the two 
parameters and to show the effects of circuit changes in improVing 
regulator performance. 
"Silicon P-N Junction Alloy Diodes," by G. L. Pearson and B. 
Sawyer, describes a type of P-N junction diode prepared by alloying 
acceptor or donor impurities with N- or P-type silicon. Among other 
properties, the diodes have a d(log I)/d(log V) (zener characteristic) 
as high as 1500 over several decades ot current. Production processes 
are defined for stable zener voltages between 3 and 1000 volts. 
"The Suitability of the Silicon-Alloy Junction Diode as a Ref-
erence Standard in Regulated Metallic Rectifier CircUits," by D.H. 
Smith, discusses the suitability of silicon-alloy junction diodes 
having very sharp reverse breakdown characteristics in the refer-
ence standard portion of closed-loop feedback regulating circuits 
of metallic rectifiers. The paper shows the decreased use of' vacuum-
tube and magnetic-amplifier regulating circuits. 
"Current Reference for Magnetic Amplifiers," by D.A. Burt, is a 
how-to-design paper showing the zener diode eqUivalent circuit as a 
battery and a resistor. The paper contends that the ratio of the 
battery voltage to the resistance should be as large as possible for 
reference use. The paper shows how to calculate a temperature sensi-
tive resistance which will compensate the circuit for variations in 
temperature; a circuit's performance is predicted and measurements are 
taken which show agreement with the theory. 
"Diffused Silicon Diodes--Design, Characteristics, and Aging Data," 
by H.E. Hughes, describes the design of high reliability diodes by the 
diffusion process. The process stresses vacuum tight sealing, no fluxes 
or metallic flash in contact with the semiconductor, and chemical clean-
liness of the interior of the unit. 
"Eigenschaf'ten Von Zener-Dioden Und Ihre Anwendung A1s Spannungs-
normal," by F. Meyer-Broetz, describes the application of zener diodes 
as voltage standards; they are especially suited as voltage standards 
in transistorized equipment. Their advantages include long life, small 
dimensions, and high shock resistance. 
"A Low Voltage Stabilizer Employing Junction Transistors and a 
Silicon Junction Reference Diode," by D. Aspinall, shows a zener diode 
used as a reference source in a series voltage stabilizer. Approx-
imate equations for the output impedance and stabilizing factor are 
presented and checked experimentally. 
"Broadband Radio Interference Generated by Airborne Electronic 
Devices Utilizing Diode Rectifiers," by J.L. Senn, points out that 
semiconductor diodes can generate serious radio frequency inter-
ference under certain conditions. The work covered in the paper 
includes the investigation or the cause or differences in interter-
ence generation among otherwise identical junction diodes. 
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"High Vo1tage Transistor Regulated Supplies," by Michel Mamon, 
is a circuit analysis and a step-by-etep design procedure tor transis 
tor regulated supplies. Temperature effects on the zener reference 
are included. 
"Designing tor Zeners, n by Alan Ross, discusses the theory and 
design of shunt regulators. A method is shown to allow sel.ection 
of the optimum zener diode for a given set of input and load condi-
tions. 
11 Designing Zener Diode Voltage Regulators," by R.G. McKenna, 
gives design curves and equa~ions. The use of the curves and 
equations is shown for typica~ zener diode vo~tage regulators. 
"An Ultra Stable Diffused Subminiature Voltage Reference Diode,~ 
by Windsor Hunter, describes the development of a diode reference 
combining a zener diode with .a compensating .forward biased diode 
(formed simultaneously by diffusion). Stability of the diodes is 
adequate .for many standard cell applications. 
Zener Diode Handbook by J.K. Buchanan and others, is a book 
covering basic theor,y, design characteristics and applications .for 
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zener diodes. Among other things, impedance cancellation and testing 
methods are discussed. 
"Zener Diode Switches," by Hubert c. Nichols, Jr., a Master's 
Thesis, theorizes that zeners switching in the zener mode are 1000 to 
10,000 times taster than diodes in the forward conduction region. 
Tests showed them to be onl.y twice as fast (probably because of test 
equipment limitations). 
"Reference Voltage with Self-Contained Current Source" is an appli-
cation note from the Dickson Co. describing a zener diode, field-effect 
transistor ( fet) device which eliminates the need for current control-
ling circuitry. The fet temperature coefficient (TC) compensates for 
the diode TC providing a stable reference voltage at temperatures .from 
-55°C to 100°C. The change in output for input voltage changes is typi-
cally 12.5 PPM/Volt. Applications described include a working source 
for potentiometers, a standard cell replacement, and a voltage-reference 
for operational amplifier circuits. 
"The Operating Characteristics of Zener Reference Diodes and Their 
Measurements," by Woodward G. Eicke, Jr., describes a measurement tech-
nique which allows stability measurements to an accuracy of 2 to 4 PPM. 
The stability data for three diodes are shown. Current was maintained 
through the diodes at all times. A voltage-temperature-current relation-
ship was derived from voltage versus temperature and voltage versus 
current measurements. The zener voltage shift due to an AC component 
superimposed on the DC bias was also measured. The zener voltage shift 
was abrupt for AC above 2 KHz. The noise output was measured and found 
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to vary gr~atly 8lllong different diOdes. The author supports the find-
ings of Baker and Nagy that a relationship exists between noise output 
and stability for alloy-type temperature-compensated diodes. No such 
correlation was found for diffUsed-junction diodes. 
"Reappraising the Zener Diode as a Reference and Transport Stand-
ard," also by Eicke, is an update or the previous paper showing re-
sults of the National Bureau of Standard's evaluation of zener diodes. 
A number o~ metbOds to measure zener diode characteristics are de-
scribed. The voltages of three NBS zener diodes were mea-sured at 
Boulder and then carried to West Germany and Dieasured; the results 
agreed wi1ihin 2 pPM, the uncertainty of the Boulder measurement alone 
(with respect to the NBS volt). Seven zener reference units (nominal 
output voltage or 1.017 to 1.018 volts) were compared to saturated 
standard cells. The zener units ex:hibi ted rand an noise components 
not present in -t;he standard cells. 'rhe zener units also drifted 
with time all units showing a decrease in voltage with time. The 
drift is roughly six times that of standard cel.ls. The zener units 
can be used as a 2-3 PPM transpo:rt standard under proper measurement 
conditions. 
"Ultra Stable Reference Elenaents," appearing in EJ.ectronic 
Industries in 1963, was base~ on a report by R.N. Minke of Pacific 
Semiconductors, Inc. It poir.Lts out that the unsaturated standard 
cell was the most accurate reference available (for precision DC 
equipment) until the temperature-compensated zeners came along. 
Long term stabilities as low as .! 100 PPM are indicated. The 
article lists some of the limitations of standard cells and goes 
on to show how the zener overcomes these. 
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"Characteristics of Silicon Junction Diodes as Precision 
Vo~tage References Devices,• by Kurt Enslein, is an early paper 
that lists several previously published papers on the subject under 
the heading of "Prev:lous Art." The paper gives measurement dat.a 
for several uncompensated and compensated diodes. Curves of A~ R 
and AR/R versus zener current are shown as are zener voltage versus 
temperature. Circuit start-up (ignition) eftects are graphed (a 
time history of the zener voltages versus time is made tram turn-on 
through stabilization). Gaseous reference tubes, standard cells, 
mercury cells, and zener diodes are compared for short term fluctua-
tions, long term fluctuations 1 audio noise, lite expectancy, .6R, 
AR/R, and temperature coefficient. 
"Standard Cells, Their Construction, Maintenance, and Character-
istics, n by Wal.ter J. Hamer 1 gives the origin and derivation or the 
unit of e~ectromotive force and outlines the procedures by which the 
NBS maintains and disseminates this unit by means or standard cells. 
Information is also given on construction and characteristics of 
standard cells as we1l as a history of their development. It is 
interesting to note that the standards maintained in Russia were 
23.1 microvolts above the rest of the world until 1950 when an 
adjustment or 13 microvolts was made. The spread between five other 
great countries was 3.3 microvolts. The paper discussed effects ot 
load, light, shock, and vibrat,ion on cell output. 
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DERIVATION OF THE SENSITIVITY EQUATIONS 
~VJ 
LETA = --3 ~v 1 
A1 -A2 -A3 -~V5 6V3 
v3 v3 V5 
A1, A2, & A3 ARE POSITIVE FOR THE CIRCUIT ELEMENTS CHOSEN, I.E., AN INCREASE IN IN-
PUT PRODUCES AN INCREASE IN OUTPUT (VOLTAGE). 







I =THE FRACTIONAL CHANGE IN v3 DUE TO A CHANGE IN v4 T WITH TEMPERATURE, ETC. 
LET K4 =TEMPERATURE COEFFICIENT OF THE ISOLATOR (V4). 
~v4 
"± K4 = I 0 R ~ v 4 = ± K v 4 ~ T A V4~TA 
~v, 





A2 A3 AV4 
VJ 
tA2 A3 K4 V4 ATA AV3 
v3 v3 AV4 I T 
THE "K's" ARE EITHER POSITIVE OR NEGATIVE SINCE THE VOLTAGE CHANGES FOR AN 
INCREASE IN TEMPERATURE CAN BE POSITIVE OR NEGATIVE. 
LET K1 =TEMPERATURE COEFFICIENT OF THE PREREGULATOR (V1). 
~v, 
+K1 = OR AV1 = +K1 V1 ATA 
- v AT I -1 A 
±A3 K1 V 1 ~T A ~VJ 
V3 = v3 LlV1 I T 
LET Kz =TEMPERATURE COEFFICIENT OF R1• 
~R1 
±Kz = R ~T , OR ~R 1 = !Kz R1 ~T A 1 A 
±aV3 KzR 1 LlTA 
==--
T aR1 v3 
tKz R1 [ Vz R3 _ V1 Rz R3 (Rz + R3) _ Vz R1 R3 (Rz + R3) J LlTA 
R1 I T v3 o 0 2 D2 




= + [ Az A3 Kz V 4 Ll T A + A3 K 1 V 1 AT A 
T - v3 V3 
+-K_z_R_1_a_v_3 __ ~_T_A + K3 ATzJ 
oR1 v3 
S2 
=-t r(K1V1A3 + K4V4A2A3} ~TA+ K2R1 av3 ~TA + K3~Tz] 
T v3 v3 aR 1 
AV3 =:: av3 AR 1 
v3 R1 aR1 v3 
. V 1 R2 R3 (R2 + R3) 
o2 
V2 R3 (Vl R2 R3 + V2 R1 R3) (R2 + R3). 
---
0 02 
- 1 FOR THE CIRCUIT VALUES OF FIGURE 1, R1 ~ R2 AND R3 ~ R1, SO TERM 2 =-. Rl 
- vl R2 
53 
D.v3 3::: av3 ~R2 
v 3 R2 aR2 v 3 
av3 D V1 R3 - {V1 R2 R3 + V2 R1 R3) (R1 + R2) 
aR2 02 
V 2 R3 + 11 R2 R3 VJ=------
R2+ R3 
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DIQIJ~~ VOLTAGF~ V~ THS 
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0800 
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I ;, ' 1400 4740 3930 8530 6440 4850 6760 I 9/ l/70 ' I 1630 4680 4000 8540 6590 4800 6720 I 9/1/70 0830 h666 3710 8570 6620 I 4860 I 6606 I 9/2/70 1300 4530 3900 8542 6570 i 4860 664G I 9/2/70 1600 45?fJ 3960 I 8552 6250 I 4850 I 6660 I ~/2 l"io I I 
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TA = 78°F Tz c 115°F (Diode #6) V\ ~ 
TABLE XVI 
DIOIE VOLTAGE 
Time #1 #2 #3 #4 
1300 
1735 9.088660 1030 9.304660 9.163660 9.088663 9.345600 1630 
0830 4720 
1300 
3540 8670 5710 
1645 
0830 4670 3530 S660 5450 1630 46?0 392) 8655 5550 1500 4830 3610 8670 5430 1700 
1500 4690 3510 86SO 4990 
0030 4540 3400 8710 4650 1000 4610 3470 8720 4550 0900 441.0 3440 8'730 4480 10.30 4.370 3420 8710 4580 1000 4460 3350 8'710 45.30 0900 4690 3500 Er/70 4500 1000 4510 3470 8750 4340 1000 4500 3410 8780 4220 1100 4750 3500 8790 4140 1000 4580 3420 8790 42.30 3800 3000 BS90 4390 
2490 Z720 9030 
.3890 
2900 2550 9.310 4240 




























































ZENER DIODE TEMPERATURE TEST DATA 
TABLE XVII 
ZE~ER DATA VS TEMPERATURE 
#1 #1 #2 #2 #3 
I VJ Noise VJ Noise VJ 
p,V p,V 
9.302?30 400 9.163430 1300 9.089330 
9 .30Z790 400 9.163530 1290 9.0892?0 
9.300970 380 9.167110 1390 9.089940 
9.299020 380 9.170900 1460 9.088450 
9.296840 360 9.173760 1475 9.088190 
9.302910 400 9.163410 1250 9.089240 
9 .302'700 400 9.164280 1250 9.0S9300 
9.298330 400 9.172120 1250 9.088380 






































Z ~ N-:JJt DA '!'A VS T S'':P~RA TrRE 
! 
#4 #4 #5 #5 #6 
I VJ Noise V3 Noise v3 
9.3W30 490 9.094890 445 9.276150 
9.344260 480 9.094830 445 9.275960 
9:343270 470 9.094850 485 9.274950 
9.341410 460 9.094680 500 9.Z73640 
9.339760 460 9.094650 520 9.272480 
9.3442.00 465 9.094810 435 9.275930 
9.34411.0 465 9.094920 4JS 9.276000 
9.341010 465 9.094750 435 9.273500 








































PERFORMANCE PREDICTION CALCULATIONS 
65 
Calculstions of the predicted values for the reference performance 
are shown below. Table D-1 is a summary of the circuit parameter values 
as specified by the manufacturer for each component, or a derived value 
such as A3, the zener circuit line regulation, and measured values as 
obtained by the techniques described in section rv. 
TABLL XIX 
S Uf.'IV.ARY OF CIRCrriT PARAMETEP.S 
PARAMETER DESCRIPTION 
A1 Isolator Line Regulation 
A2 Preregulator Line Regulation 
A3 Zener Circuit Line Regulation 
R1 Ohms Zener Input Resistance 
~ Ohms Zener Resistance 
R3 Ohms Load Resistance 
V5 VDC Input Voltage 
V4 VDC Isolator Output Voltage 
v1 VDC Preregulator Output Voltage 
v3 VDC Reference Output Voltage 
r2 mA Zener Current 
K1 PP?·f/°C Preregulator T .c. 
K2 PPM/°C T.C. of R1 
K3 PPt~°C T. c. of CR1 (Zener) 
K4 PPM/°C T.C. of Isolator 
~TA °C Incremental Change in Amb. Temp. 
L\ Tz °C Incremental Change in Zener Temp. 





























~elect R1 for r2 • 7.50 mA as required for specified zener T.c. 
66 
CALCULATION OF ~VJ 
v3 v5 
EQUATION (3) 
FROM TABLE D-1 
A1 = +0.037 (SPECIFIED FOR ISOLATOR). 
A2 = +0.0015 (SPECIFIED FOR PREREGULATOR). 
A3 = +0.02439 (CALCULATED USING NOMINAL CIRCUIT VALUES). 
V3 = 9 (NOMINAL OUTPUT VALUE). 
~v5 = +1 
(0.037) (0.0015) (0.02439) 
9 
= +0.150 x 1o-6 +0.150 PPM/VOLT 
BY EQUATION (12): 
CALCULATION OF ~V3 
v3 T 
~v3 =o1 +82 +o 3 +o4 
v3 T 
WHERE o1 =CHANGE IN OUTPUT DUE TO THE ISOLATOR. 
0 2 =CHANGE IN OUTPUT DUE TO THE PREREGULATOR. 
o3 =CHANGE IN OUTPUT DUE TO R1. 
o4 =CHANGE IN OUTPUT DUE TO CR 1. 
(A2) (AJ) (K4) (V 4) (AT A) (0.0015) (0.02439) (! 100) (20) (1) 
01 = = v3 9 
=! 0.008 X 10-6 = !0.008 PPM/°C 
~T A= 1 °C 
67 
(K2) (R 1) (aV3/aR 1) (~TA) (!2) (800) (-61 X 10-6) (1) 03 = V
3 9 
= !0.0109 PPM/°C 
~V3 = ±0.008 ±4.065 :t0.0109 ±2 = :t6.0839 PPM/oc 
v3 T 
WHERE 
_ 1 ( 8 85 15 X 20 + 8.85 X 800) _ 6 X -6 - . - -- 1 10 
800 + 20 800 + 20 
CALCULATION OF REFERENCE OUTPUT CHANGE WITH TIME: 
~ v 3 I = s1 + s2 + s3 + s4 
v 3 TIME 
WHERE S1 =CHANGE IN OUTPUT DUE TO THE ZENER. 
s2 =CHANGE IN OUTPUT DUE TO THE PREREGULATOR. 
s 3 =CHANGE IN OUTPUT DUE TO THE ISOLATOR. 
s4 =CHANGE IN OUTPUT OUE TO R1. 
s1 = !25 PPM/1000.HOURS (ESTIMATE BASED ON AVAILABLE ZENERS). 
(0.02439) (+0.005 X 15) 
- == +0.000203 = +203 PPM/1000 HOURS 9 - -
6t 
A3 A2 Ll V 4 (0.02439) (0.0015) (:t 0.01 X 20) 
s3 =---- = ----------
v3 9 
= !0.813 X 10-6 = !0.813 PPM/1000 HOURS 
LlR1 R = -t25 PPM/6 MONTHS (SPECIFIED TIME STABILITY FOR R1). 
1 
6R1 = "t (5.8 PPM/1000 HOURS) (800) 
= + 4600 X 10-6 OHMS/1000 HOURS 
s4 = (-19.9 X 10-6) ("±4600 X 10-6) = !0.0915 X 10-6 
= !0.0915 PPM/1000 HOURS 
~V3 = -t25 !203 -t0.813 -t 0.0915 = !228.9045 PPM/1000 HOURS. 
v3 TIME 
CALCULATION OF REFERENCE OUTPUT NOISE: 
AVJ =-vN~ + N~+ N~ 
V3 NOISE 
WHERE N1 =NOISE IN OUTPUT DUE TO CR 1. 
N2 =NOISE IN OUTPUT DUE TO THE PREREGULATOR. 
N3 =NOISE IN OUTPUT DUE TO THE IS'OLATOR. 
N1 =55 (PPM)p_p (MEASURED VALUE-~ SEE DISCUSSION). 
6V3 A3 6V1 
N2=--
v3 v 1 v 3 
6V1 = 0.00005 X 15 = 0.00075 Vp_p (PEAK-TO-PEAK NOISE OUTPUT FROM THE 
PREREGULATOR). 
N2 = (0.02439) (0.00075) = 2.03 X 1 o-6 = 2.03 (PPM)p_p 
9 
70 
A2 A3 ~v4 
=--
v4 v3 
~V4 = 0.480 Vp_p (SPECIFIED PEAK-TO-PEAK NOISE OUTPUT FROM THE ISOLATOR). 
(0.0015) (0.02439) (0.48) 6 
N3 = = 1.92 X 10- = 1.92 (PPM)p_p 
9 
6V3 = ~ 552 + 2.032 + 1.922 = 55.1 (PPM) P-P 
V3 NOISE 
A SUMMARY OF THE REFERENCE PERFORMANCE PREDICTIONS IS GIVEN IN TABLE VI. 
226942 
